This article reviews the recent photonic applications on graphene oxide and reduced graphene oxide films via the direct laser printing method. Attention has been paid to the unique optical property modulations of graphene oxide films during the laser reduction process, which enable a wide range of functional photonic and optoelectronic devices. The exotic properties of graphene oxide during the laser reduction process, including the tunable dispersion relation, flexible patterning capability, surface functionalization possibility, wavefront shaping ability, and the mechanical robustness and strength, make it a promising integratable platform for the next-generation ultrathin, light-weight and flexible photonic and optoelectronic applications.
Introduction
Graphene has attracted unprecedented enthusiasm during the past decade due to its exceptional mechanical, thermal, optical, and electrical properties [1] [2] [3] [4] . However, it remains challenging for mass production with large lateral size and cost-effective manufacturing for industrial applications. Alternatively, graphene oxide (GO), seen as the graphene sheet covalently decorated with various oxygen functional groups either on the basal plane or at the edge, becomes an attractive material itself due to a unique set of physical and chemical characteristics arising from the hybridization of the sp 2 and sp 3 carbon atoms. Moreover, the electronic and optical properties of GO can be tailored by manipulating the size, shape and relative fraction of the sp 2 -hybridized domains of GO during its reduction process [5] [6] . It has been reported that the insulating optically transparent as-synthesized GO becomes electrically conducting after the controlled deoxidation treatment, enabling numerous electronic and optoelectronic applications including transparent conductors, field-effect transistors, thin film transistors, field emitters, photovoltaic devices, light-emitting diodes (LED), flexible electronic materials and electrical sensors [5] [6] [7] [8] [9] [10] . The reduction of GO can be seen as the removal of the oxygen functional groups.
Various strategies have been demonstrated to effectively reduce GO including the thermal, chemical, and the more appealing laser reduction methods [9] . Being free of the energy-hungry heating up process or toxic chemical process required in the thermal or chemical reduction methods, laser reduction allows not only the precise control of the reduction extent, but also the localized manipulation of the properties of the GO films. Most importantly, the flexible micro-structure patterning on the GO ultrathin films can be realized simultaneously during the laser reduction process [9] . As a result, flexible and ultra-light-weight GO films with both controllable properties and predefined arbitrary structures can be readily achieved by using the one-step mask-free direct laser printing (DLP) method, enabling numerous optoelectronic and photonic devices [9] . This article reviews the recent advancements on the optics design and device applications of GO and reduced graphene oxide (rGO) films by using the DLP method. Firstly, the synthesis and laser reduction of GO films are discussed in details. Then the fundamental optical properties of both GO and rGO films have been investigated, including their linear and nonlinear optical properties. Based on the characterization and understanding of their optical activities, various optical functional components have been designed and realized both experimentally and theoretically. Additional photonic and optoelectronic applications based on GO and rGO have been reviewed at last. The results have demonstrated the great potentials of GO films as an emerging integratable platform for ultrathin, light-weight and flexible photonic devices.
Synthesis and reduction of graphene oxide
The GO film can be synthesized via the vacuum filtration process, which involves the filtration of a GO suspension (Figure 1a ) through an anodic aluminium oxide (AAO) or polyethylene terephthalate (PET) membrane. As the liquid (water) passing through the membrane, the GO sheets are filtered on the membrane, forming the high quality GO thin films with desired thickness. Then the GO thin films can be transferred onto various substrates (Figure 1b) by either dissolving the membrane or peeling off the film with the aid of water. Moreover, the nanoscale control over the film thickness can be achieved by simply varying either the concentration of the GO solution or the filtration volume.
For the precision pattering, a femtosecond pulsed laser beam is focused onto the surface to reduce the GO film ( Figure 1b ) and arbitrary patterns (Figure 1c ) can be implanted simultaneously following a computer controlled 3D movement of a scanning stage. To harness the nonlinear photochemical mechanism and minimize the thermal effect, the laser beam is operating at 800 nm with a low repetition rate of 10 kHz, enabling the sub-micrometre scale fabrication resolutions (Figure 1c) . The atomic structure of GO can be seen as the sp 2 carbon atoms decorated with various oxygen functional groups (Figure 1d ). After absorbing the photons during the laser reduction process, the oxygen groups can be either partially or fully removed ( Figure   1d ), resulting in not only the tunable physical properties of rGO but also the flexible patterning capabilities. As shown in Figure 1c , a contrast between rGO (dark areas) and GO (light brown areas) can be clearly identified under an optical microscope, indicating the modified optical properties of the rGO film reduced via the DLP method. The reduction of GO by laser radiation is able to not only remove the oxygen functional groups, but also recover the sp 2 network of graphene [9] . In this way, the graphene domains are formed. The resulted reduced GO has been characterized by using the x-ray photoelectron spectroscopy (XPS), which shows significant increase of the strength of sp 2 C-C bonds peak (at 284.5 eV) and the decrease of C-O (285.5 eV) and C=O (287 eV) peaks [11] [12] . The C:O ratio can increase from 3:1 to 40 :1 [13] . In addition, by using the Raman spectroscopy it is demonstrated that the laser reduction process is able to reduce the D band (~1345 cm -1 ) to G band (∼1590 cm -1 ) ratio, accompanied with the substantial increase of the 2D band strength (∼2720 cm -1 ), which also confirms the formation of graphene domains [11] [12] .
Linear optical properties of graphene oxide
The responses of materials to external electromagnetic fields are the fundamental information for designing various optical components for different optical applications. Compared with the extensively investigated electrical properties, the optical properties of GO or rGO films are less explored. The optical properties of GO and rGO films are highly sensitive to the oxygen functional groups in terms of the types, the fraction and their distributions on the basal plane, which increase the complexity in understanding the fundamental physical properties as well as hinders the useful device design. To overcome these challenges, the linear optical properties of GO and laser-induced rGO films have been thoroughly investigated [14] . In particular, their broadband linear dispersion relations from the ultraviolet (UV) to near-infrared (NIR) regions have been characterized by using the spectroscopic ellipsometry (SE) method. The linear dispersion relations of GO and laser-induced rGO films at different reduction extents (inset of Figure 2a ) have been firstly studied experimentally by using the SE method. Figure 2 shows the dispersion relations of GO and rGO films with the highest reduction extent from 200 nm to 1000 nm after fitting the SE data. GO film shows an almost dispersionless refractive index (n) of 1.9 above 400 nm, which further proves the broadband optical property of GO film. However, the refractive index of GO film decreases immediately in the UV range, which is due to the abnormal dispersion from the strong interband absorption of GO film in that range. On the other hand, the extinction coefficient (κ) of GO film keeps as low as 0.4 above 400 nm and increases obviously in the UV range, which is consistent with the refractive index behaviours. The dispersion relation of the rGO film with the largest reduction extent shows a similar trend compared to that of the GO film. However, both the n and κ values are found to increase and the absorption peak redshifts compared to that of the GO film, which is consistent with the ultraviolet-visible spectra of GO and rGO films [15] . As a result, the fitted highly accurate dispersion relations of both GO and laser-induced rGO films have not only validated the used fitting model, but also shed some light on the laser reduction mechanisms compared to the more widely used thermal and chemical reduction methods.
It has been reported that the optical constants of multilayer graphene are smaller than that of bulk graphite due to a possible decrease in interlayer interaction for a small number of layers [16] [17] . Also the increase of n and κ values for the multi-layer thermally reduced GO stack is greater than the increase found in the case of thermally treated single or few layer (but still thin) GO sheets [18] . Moreover, it has been reported that the thickness of rGO films upon laser patterning reduces obviously [9] . As a result, it can be envisioned that the effect of laser reduction is to remove interlamellar water, which leads to the increase of refractive index. On the other hand, the significant increase of the extinction coefficient is due to the removal of the oxygen functional groups and the reduction of the optical bandgap of the GO layers [18] . The photonics properties of 2D materials are highly related to the layer number, or the thickness. For instance, the optical conductivity of bilayer graphene has been greatly modified owing to the perfect nesting of the bands, which gives rise to the stronger plasmon like features of TE plasmons in bilayer than in monolayer graphene [19] . Similarly, the photonic properties of GO are even sensitive to the thickness due to the abundant covalently bonded oxygen containing groups. Oh et. al. found that the thicker GO sample has a much smaller bandgap than that of monolayer GO by using the density-functional theory calculations [20] . However, the thickness dependence of linear refractive index or nonlinear optics of GO have not been reported so far, which may provide future research directions. Finally, it should be noted that the optical conductivity of 2D sheets of a very small thickness can be simply expressed as the multiplication of the monolayer conductivity if the bands nesting is not considered [21] .
Nonlinear optical properties of graphene oxide film
In addition to the linear optical properties, the optical nonlinearities are of great importance for high performance all-optical photonic devices. In particular, nonlinear optical absorption has been proved useful for a number of applications including optical limiting to protect sensitive instruments from laser-induced damage [22] , and saturable absorption for pulse compression [23] , mode-locking and Q-switching [3] .
Graphene, an atomic layer of conjugated sp 2 carbon atoms arranged in a two dimensional hexagonal lattice, possesses many exceptional nonlinear optical properties. Zheng et. al. reported the saturable absorption in graphene at both microwave and optical frequencies, demonstrating the broadband saturable absorption property of graphene [24] . Zhang et. al. studied the wavelength-independent ultrafast saturable absorption of graphene, which can be exploited for high power fiber laser mode locking [25] . On the other hand, the nonlinear refraction (Kerr effect) is crucial for functionalities including all-optical switching, signal regeneration and fast optical communications [26] [27] . In 2012, Zhang et al. showed that graphene possesses a giant nonlinear refractive index n 2 ≃ 10 −7 cm 2 /W, almost 9 orders of magnitude larger than bulk dielectrics [28] . Recently, Bao et. al. demonstrated the all-optical switching in graphene nanobubbles, which allows a large optical phase shift to be obtained due to their vertical side walls and added curvature [29] . However, the research on nonlinearities of GO is largely limited to the nonlinear absorption of GO solutions, and the nonlinear activities during the process of the laser-induced reduction from GO to rGO films have remained unexplored, which are the key to realizing the functionalities in the patterned GO integratable optoelectronic devices. Firstly, we have investigated the in-situ nonlinear activities of GO films during their entire laser-induced reduction process through continuously increasing the laser irradiance until the optical breakdown [30] . As shown in Figure 3 , four stages of different nonlinear activities have been discovered with increased laser irradiance. Both the tuning of the nonlinear absorption response and a switch of the sign for the nonlinear refractive index are observed during the transition from GO to rGO. Meanwhile, the giant Kerr nonlinear responses are observed to be three orders of magnitude larger than those in the previous reports [31] , leading to a giant nonlinear figure of merit (FOM) crucial for functional nonlinear device design (Figure 3b ). Various nonlinear mechanisms are responsible for the observed nonlinear activities including the ground-state bleaching of the sp 2 domain, two-photon absorption and excited state absorption of the sp 3 matrix, and the population redistribution [30] .
Compared to graphene, GO also shows exceptional nonlinear optical properties including saturable absorption, optical limiting and nonlinear Kerr effect. However, GO is found to transit from saturable absorption to optical limiting owing to the ground-state bleaching of the sp 2 domain and excited state absorption of the sp In order to further enhance the optical nonlinearity of GO, we demonstrate a flexible method to functionalize highly transparent GO film with gold nanoparticles (AuNPs) through the vacuum filtration process [33] . The effective functionalization of GO films with AuNPs (insets of Figure 4 ) has been revealed by both the Fourier Transform Infrared (FTIR) spectra and the scanning electron microscopy (SEM). Both the nonlinear absorption and refraction of the low-loss hybrid GO-AuNP films are found to be enhanced monotonically with the increase of AuNP concentration by the Z-scan measurement, as shown in Figure 4 . The enhanced nonlinear light-matter interactions of the hybrid GO-AuNP films can be attributed to the efficient energy and/or charge (electron) transfer upon photoexcitation, and the synergistic coupling effects between AuNPs and GO. Our hybrid GO-AuNP films provide a solid-state material platform for diverse nonlinear optical applications, such as ultra-sensitive optical limiter, optical modulator and photodetector. Moreover, the vacuum filtration method can serve as a universal strategy to functionalize GO by easily doping various nanoparticles with tunable concentrations to manipulate the physical properties of hybrid GO materials. Although GO film presents remarkably strong third-order optical nonlinearity, two critical challenges need to be overcome before its diverse practical nonlinear applications, especially in the high-power optical systems. First of all, photo reduction of the GO has been observed under an extensive range of photo illumination conditions, resulting in the poor material stability of its optical nonlinearities. Secondly, the GO films with high nonlinearities usually present significant linear absorptions [30] . Consequently, the considerable losses and heat accumulations under the high-power laser illuminations will largely deteriorate the performance of the GO nonlinear devices due to the possible thermal-optical effects [35] . To address these challenges, we successfully developed an electrochemically derived graphene oxide (EGO) film for the high-power nonlinear applications with a giant third-order nonlinear response [36] . The oxidation degree of the EGO materials can be controlled by manipulating the oxygen functional groups on the basal plane through controlling the oxidization time, which has been validated by using the optical and Raman spectroscopy. The third-order nonlinearities of the prepared EGO films have been investigated using the Z-scan technique, indicating both strong nonlinear absorption and nonlinear refraction. Most importantly, the excellent stability and repeatability of the prepared EGO films under high-power laser illuminations has been demonstrated, which can be attributed to the lower oxidation degree, the abundant epoxy groups and less hydroxyl groups compared to the chemically derived GO. Furthermore, the broadband linear transmission over 70% (~90% at 1.5 µm) of the as prepared EGO films has been observed, providing promising potentials for the low-loss and highly efficient high power nonlinear applications.
Flexible optical devices on ultrathin graphene oxide films
Given the linear and nonlinear optical properties of GO and rGO, it is now convenient to propose and realize various ultrathin flat optical devices on GO and rGO films by fully exploring the flexible patterning capabilities of DLP on the GO films as well as the controlled optical properties during its laser-induced reduction process. Recently, a number of flat optical devices have been successfully demonstrated, including an ultrathin GO lens and an ultrathin GO polarizer, indicating its great application potentials in the next-generation on-chip photonic systems [37] [38] .
Ultrathin graphene oxide lens
Tremendous effects have been devoted in developing ultrathin flat lenses, such as micro Fresnel lenses and conventional micro lenses, plasmonic lenses and metalenses [39] [40] . However, it is still challenging to realize ultrathin optical lenses with 3D subwavelength focusing resolution, high focusing efficiency, broadband operation, ultra-light-weight, low-cost manufacturing and flexible integration capability. Therefore, we propose a new ultrathin flat lens concept based on the effective manipulation of the phase and amplitude of an incident light beam simultaneously.
As shown in Figure 5a , the GO flat lens is made possible by the concentric ring with sub-micron thickness fabrication in a 200 nm-thick GO film by using the mask-free DLP method to covert the GO into rGO via the photoreduction process. The controllable removal of the oxygen functional groups by the laser in the exposed regions of the GO film leads to three continuously tunable local physical property variations: the reduction of film thickness, the increase of refractive index and the decrease of transmission/increase of extinction coefficient. When a uniform plane wave impinges on the GO lens, part of the beam is absorbed and refracted by the rGO zones, experiencing substantial amplitude as well as phase modulations. The other part of the beam propagating through the GO zones only experiences ignorable amplitude modulations. As a result, a subwavelength 3D focal spot can be realized due to the interferences of wavelets originated in the lens plane from different zones, which has been confirmed by its cross-sectional plots in the lateral and axial directions both theoretically and experimentally (Figures 5b-e) . To further test its mechanical robustness, a GO thin film with prefabricated lens arrays is integrated on a flexible PDMS substrate, as shown in Figure 6 . It is evidenced that the 4×4 GO lens array (Figure 6c ) survives without any compromise of the morphology or optical performance after the bending test (Figure 6a-b) , indicating the excellent mechanical strength of our GO films. In addition, a two-dimensional grating has been fabricated on the GO film (inset of Figure 6d) , and a well-defined diffraction pattern has been observed under 405 nm, 561 nm and 633 nm lasers illumination simultaneously (Figure 6d) , showing its versatile wavefront manipulation capability. In brief, we demonstrated a 200 nm-thick GO flat lens with 3D subwavelength focusing that is able to tightly focus broadband light from visible to NIR (∼1100 nm bandwidth) with an averaged absolute focusing efficiency of >32% over the entire band. Our flexible GO lenses are mechanically robust and maintain excellent focusing properties under high stress. The simple and scalable fabrication approach enables wide potential applications in on-chip nanophotonics. The new wavefront shaping concept with laser patterned GO ultrathin films, provides new and viable solutions for ultra-light-weight, highly efficient, highly integratable and flexible optical systems, opening up new avenues for various multidisciplinary applications including non-invasive 3D biomedical imaging, laser tweezing, all-optical broadband photonic chips, light harvesting, aerospace photonics, optical microelectromechanical systems and lab-on-chip devices.
Ultrathin graphene oxide polarizer
Ultrathin polarizers have been extensively studied both theoretically and experimentally including using metamaterials, metasurfaces, wire-grid polarizers and guided resonance-based polarizers, as indispensable elements in integrated optical systems [41] [42] [43] . However, the extinction ratio and the efficiency of the polarizers are greatly restricted by the considerable metallic losses, in particular, in the shorter wavelength ranges for the wire-grid polarizers. Also, the operating wavelengths of the guided resonance-based polarizers are greatly limited to 1550 nm due to the conventional available transparent materials in the infrared range such as silicon and indium phosphide [44] . Moreover, time consuming and cost-ineffective manufacturing methods are required for both fabrication and deposition of conventional materials such as silicon or metals. As a result, it is still challenging to realize ultrathin polarizers from the visible to the infrared ranges with high extinction ratio, high transmission efficiency, flexible and integratable capabilities and cost-effective manufacturing methods. The first ultrathin polarizer based on 2D materials was realized by Bao et. al. in 2011 [45] . Owing to its massless Dirac fermions, the dynamic conductivity of graphene can be characterized by the Kubo formalism, in which the contributions from intraband and interband transitions compete depending on the Fermi level. Hence, the sign of imaginary part of the total conductivity determines the TM or TE mode that can be supported on the interface of graphene [46] . In their work, a graphene TE-pass polarizer with an extinction ratio up to 27 dB in the telecommunications band has been demonstrated. Moreover, by tuning the Fermi level of graphene, which allows the conductivity sign switching, the different attenuation of the TE and TM modes can be achieved, affording the possibility of making either a TE-pass or TM-pass graphene polarizer. In contrast to the conventional polarizers, the broadband graphene polarizer offers an all-in-one solution for integrated photonic circuits with the added advantages of simpler fabrication and mechanical robustness.
Inspired by the wonderful optical properties of GO and laser-induced rGO films, an ultrathin micro-polarizer on the GO film has been proposed. The periodic 2D C-shape array on the GO thin film (left inset of Figure 7 ) has been firstly designed and the transmission spectra have been calculated for both TM and TE polarizations, respectively, as shown in Figure 7 . Clearly the asymmetric Fano resonances can be observed for both polarizations, corresponding to the indirect transmission process where the incident energy excites the guided resonances [47] . Also the direct transmission process has been confirmed by the Febry-Perot oscillation of the background. Moreover, by introducing the asymmetric structures (C-shape in our case), the spectra are highly sensitive to the incident polarization. For example, a high transmission as large as 0.8 for TE polarisation can be observed at ∼ 1.3 µm, whereas almost zero transmission is shown at the same wavelength for the TM polarization due to the strong confinement of the incident light within the PC slab (right inset of Figure 7) . As a result, the observed strong polarization sensitivity of the guided resonance on our GO thin film can potentially serve as an ultrathin planer polarizer.
By carefully designing the GO film thickness, the C-shape geometry, a linear ultrathin micro-polarizer with high extinction ratio (>3000), one order of magnitude larger than the current guided resonance-based polarizers [43] , has been achieved. Also the thickness of the GO thin film is optimized at 100 nm, not only to support the guided resonances, but also to reduce the linear absorptions. As a result, the transmittance efficiency as large as 80% of the ultrathin GO polarizer has been achieved, surpassing the performance of the metallic wire-grid or metasurface polarizers [41] [42] [43] . The working wavelength can be tuned over a broadband range from the visible (600 nm) to the NIR (1.6 µm) due to the dispersionless nature of the GO film, largely extending the current working wavelength range (1.5 µm) of silicon or indium phosphide materials. In addition, the incident-angle (θ in the left inset of Figure 7 ) dependence of the micro-polarizer has been investigated and high extinction ratio remains for a wide range of incident angles as large as 30
• . It should be also emphasized that the proposed ultrathin GO polarizer can be readily fabricated by using the one-step mask-free DLP method, offering flexible and cost-effective manufacturing capabilities. Compared to the first graphene fiber polarizer, the working principle of the GO polarizer is the guided-mode resonances in photonic crystals. Therefore, the out-of-plane incident beam can be polarized by using the GO polarizer, whereas the graphene fiber polarizer is used for the in-plane beam polarizing. That means the GO polarizer is useful in free-space optical systems, in which normal incident beams are generally involved. Moreover, due to the large angle tolerance, the GO polarizer works well not only for well collimated beams, but also for diverging and converging beams. Therefore, our GO micro-polarizer may provide various on-chip photonic applications due to its high efficiency, broadband working wavelength range, large extinction ratio and cost-effective manufacturing. Figure 7 . The transmission spectra of the proposed GO polarizer with TE and TM polarized light incidence. Left inset: The schematic design of the proposed GO polarizer with 2D periodic C-shape arrays. The C-shape array is in the x-y plane and the incident light is in the y-z plane with the colatitude angle θ. Right inset: the strong confinement of the incident light within the GO polarizer under TM polarization.
Other GO photonic and optoelectronic devices
The prominent saturable absorptions of graphene and GO have made them excellent candidates for the passive Q-switching and mode-locking of lasers. The graphene mode-locked fiber laser was firstly reported by , and saturable absorption in graphene is achieved due to the Pauli blocking of the electrons and holes for occupation of the energy levels in the conduction and valence bands that are resonant with the incident photons [48] . Zhang et. al. reported on the large energy pulse generation, with single pulse energy up to 7.3 nJ and pulse width of 415 fs, in an erbium-doped fiber laser passively mode-locked with atomic layer graphene [49] . Sun et. al. used both single-layer graphene and few-layer graphene flakes as saturable absorbers, to obtain passively mode-locked erbium-doped fiber laser working at 1559 nm, with a 5.24 nm spectral bandwidth and ~460 fs pulse duration, paving the way to graphene-based photonics [50] . Zheng et. al. realized an erbium-doped mode-locked picosecond fiber laser with a pulse width of 2.47 ps using graphene absorber and showed graphene as a promising broadband saturable absorber at both optical and microwave band [24] . To date, many groups have demonstrated the use of graphene-based saturable absorber in ultrafast pulsed lasers for mode-locking or Q-switching of different types of lasers [3, [51] [52] [53] [54] [55] [56] [57] [58] [59] , and has shown graphene can be worked as a broadband saturable absorber, due to valence band depletion and conductance band filling.
The GO mode-locked fiber laser was firstly reported by Bonaccorso et al. in 2010, exhibiting the optical spectrum of ~743 fs pulse [3] . By using the GO solutions as the saturable absorber, Liu et al. realized an erbium-doped Q-switched fiber laser with a pulse width of 4.85 ns [60] . Xu et al. reported the femtosecond mode-locked erbium-doped fiber laser enabled by the GO saturable absorber mirrors, which generates 200 fs pulses at a repetition rate of 22.9 MHz. Moreover, the output pulses with pulse width of 0.2 ~ 3 ps can be obtained by manipulating the net cavity dispersion [61] . Sobon et al. compared the erbium-doped fiber lasers mode-locked by GO and rGO, both of which provide stable operation with sub-400 fs pulses and more than 9 nm optical bandwidth at a central wavelength of 1560 nm [62] . GO and rGO with excellent solubility and processability, the cost-effective manufacturing and the strong saturable absorption have been seen as the favourable materials for the mode-locking applications.
GO and rGO have also been used for the LED applications. By chemically bonding fluorescence molecules on the GO frameworks, strong luminescence of GO can be realized. Lu et al. fabricated the hybrid GO materials with strong blue-emission centered at 400 nm through the GO surface functionalization with aryl diazonium salts of 2-aminoanthreacene [63] . Lee et al. investigated the polymer LED with a GO interlayer, which maximizes the hole-electron recombinations within the emissive layer and enhances the efficiency of the LED [64] . Wang et al. utilized the GO thin film as the anode interfacial layer in quantum dot LED, acting as the electron blocking and hole transporting layer [65] . By incorporating GO as the hole transporting layer, Jiang et al. modified the anode interface of polymer LED, leading to a 15% increase in efficiency after the ultraviolet-ozone treatment [66] . Moreover, GO has also been used as the electrode materials in LED. Bi et al. simultaneously reduced and patterned GO films into arbitrary shaped anodes for micro-OLEDs via the mask-free laser writing method. Well-defined sizes, shapes and uniform electroluminescence characteristics have been demonstrated, enabling a wide range of applications of the micro-OLEDs [67] .
In addition, GO photodetectors and sensors have been demonstrated recently. Chitara et al. achieved the infrared detection by using rGO, and the responsivity and external quantum efficiency of 4 mAW and 0.3% have been realized, respectively. Upon absorption of light, electron-hole pairs are generated owing to the generation of a Schottky-like barrier at the metal-rGO contact. Then the photocurrent can be observed as the presence of an external field. It is evidenced that rGO can be effectively used as high-selectivity, high-sensitivity, and high-speed nanometer-scale photodetectors and photoelectronic switches [68] . Moreover, an all-optical GO humidity sensor based on a GO-coated optical waveguide has been realized by Lim et al. . By monitoring the optical transmission characteristics of the humidity sensor, the relative humidity can be determined as a result of a change in the optical constants of the GO film [69] .
Conclusions and outlooks
Although good progress has been made in understanding the optical properties of GO and rGO, there is significantly more to be further explored and exploited.
1. The theoretical modeling of the conductivity of GO and rGO remains challenging due to not only the limited characterisation strategies, but also the complexity of the chemical and atomic structures. Unlike the monolayer graphene, whose conductivity is controlled by electron-hole pair excitations and has been categorized into intraband and interband contributions, the conductivity of monolayer GO is strongly dependent on oxygen functional groups including the type, the fraction and their distributions on the basal plane. And it is even challenging for multilayer GO results from the interlayer water trapping and the coupling and interactions between different GO layers.
2. The interactions between laser and GO needs to be further investigated. Numerous optical and photonic applications have been realised by manipulating the laser parameters including the wavelength, the repetition rate, the polarisation state, the beam distribution, the pulse width, etc. As a result, it is of great interest to link the reduction of GO with the specific laser parameters. Given the fact that the tunable optical properties of rGO is dependent on the reduction extent of GO, the optical properties of rGO can be eventually controlled at will by manipulating the used laser parameters, which offers not only great flexibility in designing various optical components, but also more understandings of the light-material interactions.
3. The transition of GO from insulator to semiconductor or semimetal has not been observed due to the limited reduction extent by using femtosecond pulsed laser beam. It has already been reported that rGO with considerable conductivity can be achieved by using thermal and chemical reduction. As a result, the optimisation of laser parameters needs further efforts for lager reduction extent of GO and the Drude-like conductivity of rGO in the longer wavelength range has not been demonstrated. 4 . It is still challenging to realize nonlinear GO or rGO devices due to the significant absorptions especially in the visible range. The possible solution is to explore the out-of-plane (perpendicular to the GO film) applications other than the in-plane devices to reduce the interaction lengths between the incident light and the materials. Also, chemical functionalization of GO may provide another solution for achieving ultrahigh nonlinearity with less absorption by taking the advantages of both the GO and the decoration materials. Moreover, the nonlinear integrated devices, integrated photonic circuits and nonlinear tuning are yet to be demonstrated on GO.
5. More optical and optoelectronic devices or applications based on GO are yet to be demonstrated such as the novel wavefront shaping capabilities, the broadband perfect absorber for solar cell applications, the electrical tuning of bandgap or refractive index and the infrared applications. In addition, the metamaterials and metasurface on GO thin film could also be realized by using the possible plasmonic resonances of rGO in the longer wavelength range.
6. Self-assembly of GO by using the layer-by-layer deposition technique offers additional advantage especially in defining complex 3D integrated structure or coating. Therefore, great potentials in flexible 3D photonic applications can be expected by combining the self-assembly of GO on the predefined functional structures and the laser fabrications of GO afterwards.
In summary, the fundamental optical properties of GO and rGO films after DLP, and their applications in the optical devices have been investigated. A wide range of topics have been covered including various experimental and theoretical approaches, the understanding of the optical responses, and the design and optimization of the GO optical devices. The GO films show unique properties that are unavailable to conventional materials such as the tunable linear and nonlinear optical properties, a versatile patterning capability by DLP, the surface functionalization possibility, the wavefront shaping ability, and the mechanical robustness, which are highly demanded for the next generation ultra-light-weight, highly efficient, highly integratable, and flexible optical systems, opening up new avenues for various multidisciplinary applications.
